Introduction
In prosthetics, surface electromyography (EMG) is a means to operate a prosthesis according to muscle contractions of an amputee. The EMG signals used are determined by limb geometry and tissue structures. A better understanding of such effects can generate significant insights that can be used for the development of new and advanced prosthetic controls. Beside general analytical EMG modeling approaches [1, 2] , also geometric EMG models of the human upper arm [3] [4] [5] can be found in the literature. The modeling of a forearm is a more challenging task, since compared to the upper arm, the forearm has smaller and even more muscles making the geometry setting more com- plex. This complexity results in long simulation times and often the calculation runs out of available memory, hence, in fact such a desired model cannot be solved.
Methods
The solving of the FEA model presented herein is done in quasi-stationary manner, i.e. the potential field at discrete time steps is determined by the sources per time step only; the propagation and the intensity changes of the bioelectric sources induce changes of the potential field within this time step. The propagation of an action potential (AP) along the muscle-fiber is simulated by a manual shift of the depolarization region, while calculating one stationary solution for each position of the AP along the muscle-fiber. Further, the FEA model is solved for each muscle-fiber separately instead of doing a full simulation of all muscle-fibers of one muscle at once. This is done to tackle with computation capacity and simulation time required. For each of these stationary solutions, a certain potential distribution is generated within the volume conductor and on its surface. By rolling off the volume conductor's cylindrical surface, a 2D 'image' of the potential distribution for the current time step is generated. In this way, an image stack, which contains the resulting images of all single solutions ( Fig. 1) , is generated and set ready for superposition. Hence, the partial results can then be superimposed according to Helmholtz's theorem of superposition. This is possible since all non-linearities are packed into the solving of the volume conductor and because the propagation speed of the electric potential in the volume conductor is about 60mm/µs, relaxation of all transients has finished within each time step and the solutions per muscle-fiber may be linearly collected via adding images of the image stack. The models used for FEA are built from magnetic resonance imaging (MRI) data. Therefore, the subject-specific arrangement of anatomical sections (muscles, bones, fat and skin) can be obtained. Each MRI slice is manually registered to a circular template, i.e. a manifold projection is performed, for generating the registration parameters (Fig.  2) . The material properties (conductivity σ and relative permittivity ǫ r ) of muscle, fat, skin and bone of each slice are then proportionally recalculated according to the registration parameters of the corresponding MRI slice (Fig. 3) . Hence, with this process, the error induced by the registration process can be limited to a minimum.
Results
The presented methods enable the approximate simulation of very complicated structures that commonly cannot be performed on ordinary hardware. The error of the approximate solution, compared to a conventionally performed full simulation, appears lower than 8.5% which is practically suitable for the intended purpose of this work. By integrating the bioelectric source description developed into the three-dimensional, subject-specific forearm geometry, an EMG model ready for FEA simulation is obtained. The left part of Fig. 4 shows an outline of the result of a simulation, i.e. one image of the image stack produced while an action potential is propagating along the indicated fiber. Additionally, the surface EMG signal is evaluated at two indicated measuring points in order to obtain a bipolar measurement of the whole image stack. The potential of the two points, as well as the differential signal is plotted in the right part of Fig. 4 . Moreover, the presented approach was also applied to the chest geometry of a targeted muscle reinnervation subject, as described elsewhere [6] .
Discussion
This work presented a novel approach to the approximate modeling of a three-dimensional, subject-specific EMG model using FEA as follow: i) an adequate source description was sub-modeled to simulate activation patterns, i.e. action potentials propagating along a muscle-fiber; ii) the volume conductor FEA model got solved as being quasistationary; iii) a manifold projection of the true forearm geometry was performed to form a cylindrical volume conductor; and iv) the surface of the forearm cylinder got rolled off. That allowed the application of Helmholtz's principle of superposition to combine several simulation results for simulating more complex muscle-fiber setups. Summing up, the strategy presented provides a reduction of the geometry's complexity, reducing also the amount of computational effort as well as the time required for the simulation of three-dimensional subject-specific EMG models using the FEA method.
